Abstract MicroRNAs (miRNAs) are key players in multiple biological processes; therefore, analysis and characterization of these small regulatory RNAs is a critical step toward a better understanding of animal and plant biology. In apple (Malus domestica), 200 microRNAs are known, which most probably represent only a fraction of miRNAome diversity. As a result, more effort is required to better annotate miRNAs and their functions in this economically important species. We performed deep sequencing of 12 small RNA libraries obtained for fire blight-resistant and fire blight-sensitive trees. In the sequencing results, we identified 116 novel microRNAs and confirmed a majority of previously reported apple miRNAs. We then experimentally verified selected candidates with RT-PCR and stem-loop quantitative PCR (qPCR) and performed differential expression analysis. Finally, we identified and characterized putative targets of all known apple miRNAs. The gene ontology (GO) enrichment analysis suggests prominent roles of miRNAs in response to stresses, including pathogen infection. In this study, we identified 116 new and confirmed the expression of 143 already known miRNAs. Moreover, our data suggests that apple microRNAs might be considered as regulators and markers of fire blight resistance. The analyses we performed allowed us to define four apple miRNAs potentially involved in fire blight resistance in apple trees: mdm-miR169a, mdm-miR160e, mdm-miR167b-g, and mdm-miR168a,b. These miRNAs are known to be involved in response to stresses across other plant species, usually by targeting stress response proteins. The relatively low number of candidates may result from the high variance of biological replicates and the fact that stress response miRNAs are usually induced by the stress factors and frequently expressed at a low level, or not expressed at all, in normal conditions. The results of our studies are freely available in an online database at
Introduction
Fire blight (FB) is a contagious bacterial disease caused by Gram-negative bacteria Erwinia amylovora that affects apples and pears and leads to considerable reduction in fruit production worldwide (Vogt et al. 2013) . Its incidence has increased in commercial apple orchards over the last 25 years (Norelli et al. 2003) . There are several protection techniques used in agriculture, like antibiotic treatment, copper sprays, or pruning, but they have many drawbacks and are often ineffective (Norelli et al. 2003) . Since apple trees do not reproduce trueto-type from seeds, they are propagated using grafting techniques (Mascall 1569) . In addition, grafting can be used to alter the characteristics of the scion as the rootstock affects the tree phenotype. The best-known effect of rootstock is on tree stature (Wertheim 1998 ), but rootstock effect on scion disease susceptibility was also reported (Fallahi et al. 2002) . Therefore, using fire blight-resistant rootstocks might be the most promising strategy for protection of apple trees (Kellerhals et al. 2009; Norelli et al. 2003; Vogt et al. 2013) . The mechanism by which rootstock affects tree phenotype is not known, but it clearly influences gene expression pattern of their scion. In our previous studies, we identified genes demonstrating different expression patterns in scions from FBsusceptible and FB-resistant rootstocks (Jensen et al. 2012 (Jensen et al. , 2010 . Keeping in mind that microRNA (miRNA) molecules, being essential gene expression regulators, could be involved in this rootstock-scion regulation in apple, we assumed that miRNA expression profiles in scion should reflect rootstock characteristics, as is the case for protein coding genes.
The first apple (Malus domestica) miRNAs were found in expressed sequence tags (ESTs) using computational methods. Gleave et al. (2008) identified ten primary miRNA transcripts and Yu et al. (2011) found 16 conserved miRNA. Using a similar method, based on apple EST resource, Szczesniak and Makalowska (2014) identified 40 miRNAs in apple tree. Varkonyi-Gasic et al. (2010) provided the first experimental data. Using Northern blot and quantitative PCR (qPCR), they confirmed 18 conserved miRNAs in apple. To date, however, the most comprehensive list of apple miRNAs was delivered by Xia et al. (2012) . Taking advantage of small RNA deep sequencing data, they found 33 conserved and 42 apple-specific miRNAs. Ma et al. (2013) further extended the list of apple miRNAs by 11 novel sequences. Altogether, there are 206 apple miRNAs deposited in miRBase release 20.
Although a number of miRNAs were shown to play a role in response to various stress conditions, miRNA involvement in bacterial resistance in plants is not well known. miR393 is suggested to be responsive to bacterial inoculation (Navarro et al. 2006; Fahlgren et al. 2007; Zhang et al. 2011) , by suppressing auxin signaling. Additionally, miR160, miR167, miR159, miR398, and miR393* seem to be involved in antibacterial mechanisms, by showing up-or downregulation upon bacterial inoculation in different studies on Arabidopsis thaliana (Fahlgren et al. 2007; Zhang et al. 2011; Jagadeeswaran et al. 2009; Eldem et al. 2013 ).
Here, we present studies of 12 small RNA deep sequencing libraries from uninfected Gala apple trees grafted on four different rootstocks-fire blight susceptible (M.27 and B.9) and fire blight resistant (G.30 and M.111). Our analyses allowed us to extend the apple miRNA repertoire by 116 miRNAs as well as verify 143 miRNAs from previous studies. We confirmed five of new miRNAs using qPCR or RT-PCR. We also identified miRNAs with significantly changed expression among the analyzed rootstocks. In addition, we searched for potential miRNA targets using psRNATarget (Dai and Zhao 2011) focusing on transcripts with significantly higher expression in fire blight-resistant trees. Finally, we analyzed the apple degradome (Xia et al. 2012 ) to obtain experimentally supported miRNA/messenger RNA (mRNA) associations.
Materials and methods

Plant material
Plant material was purchased from Cameron Nursery (Eltopia, WA, USA). 'Crimson Gala' scions were bench grafted onto four distinct rootstocks: Malling 27 EMLA (M.27), Budagovsky 9 (B.9), Geneva 30 (G.30), and Malling Merton 111 EMLA (MM.111). The trees were bench grafted by the nursery, by splicing a two-bud dormant shoot and planted at the research orchards in Rock Springs, PA, USA in March 2005. Actively growing shoot tip tissue samples were collected in the summer of 2011. Three biological replicates of each of the following scion-rootstock combinations-B.9, G.30, M.111, and M.27-were used in further analysis (12 apple trees). The samples (approximately 0.5 g each) included the meristem, stem, and the leaves but not including the first fully expanded leaf. Shoot tips were flash frozen in liquid nitrogen and stored at −80°C for later RNA isolation.
RNA extraction
Samples were ground with a mortar and pestle chilled with liquid nitrogen. The frozen powder was mixed with extraction buffer (2 % cetyl trimethylammonium bromide, 2 % polyvinylpyrrolidone, 100 mM Tris pH 8.0, 25 mM ethylenediaminetetraacetic acid, 2 M NaCl, 0.5 g L −1 (w/v) spermidine, 2 % ß-mercaptoethanol) and total RNA was isolated using 0.8 M LiCl and isopropanol (Sigma). Total RNA concentration and purity were determined using NanoDrop (Thermo Fischer Scientific). Total RNA quality was determined on the BioAnalyzer (Agilent). The RNA samples had high and consistent RNA integrity values. (1) there were no more than five mismatches and two bulges between mature miRNA candidate and the opposite hairpin arm, and (2) mature miRNA candidate was entirely found in one hairpin arm. At this step, the hairpin was cut out from a longer sequence if needed and it was required that the hairpin was at least 40 bases long. Next, we made sure that there is a miRNA-like profile of reads mapped to the hairpin. To this point, we kept only the hairpins where (i) mature miRNA was represented by the most abundant read in at least one library, (ii) mature miRNA abundance constituted at least 20 % of total read counts in at least one library, and (iii) the total count of reads starting at mature miRNA 5′ end was the maximal one in at least one library. The sequences that bore 60 % or more low-complexity regions were identified using Dustmasker from BLAST package (Camacho et al. 2009 ) and discarded. The settings were default except for "-level" set from 20 to 15. Finally, we performed BLAST search against proteins from UniProtKB/ Swiss-Prot and noncoding RNAs other than miRNAs from RFAM, and we removed candidates that produced the E-value of 1e-20 (proteins) or 1e-10 (RNAs).
Target search mRNAs being potentially under control of miRNAs were identified using psRNATarget (Dai and Zhao 2011) with default settings except for length for complementarity scoring adjusted to mature miRNA lengths. An mRNA set consisted of predicted CDS sequences from the Genome Database for Rosaceae (GDR) (http://www.rosaceae.org/) complemented with transcripts from UniGene. Additionally, PAREsnip (Folkes et al. 2012 ) was used to identify miRNA targets with deep sequencing support. The mRNA dataset was the same as above, and the degradome library, GSM880656, was downloaded from Gene Expression Omnibus (Edgar et al. 2002) . The settings were modified so that the program returned only category 0, 1, and 2 targets, which correspond to highest quality hits. Minimal and maximal degradome read lengths were set to 20 and 21, respectively, maximal number of mismatches in miRNA/mRNA duplex was set to 4.0, while p value remained default (0.05). Then, we used custom Python scripts to remove redundant miRNA target pairs. Finally, we used Bowtie (Langmead et al. 2009 ) to map degradome reads to targeted mRNAs and prepared a graphical representation of mapping results.
Functional categories for miRNA targets
We downloaded A. thaliana complementary DNAs (cDNAs) from Ensembl Plants (Kersey et al. 2010) . Using BLASTN, we identified A. thaliana counterparts for apple targets generated with psRNATarget. The E-value threshold was set to 0.001 and the best hits per target were selected. The A. thaliana gene names were used as an input in the analysis performed with GOrilla (Eden et al. 2009 ). We applied the following settings: (i) all ontologies: process, function, component; and (ii) two unranked lists of genes: target and background, the latter being all gene names downloaded from Ensembl Plants via BioMart.
miRNA splice site prediction
In the first step, EST sequences that correspond to apple premiRNAs from miRBase (Kozomara and Griffiths-Jones 2014) were identified. To this point, ESTs from dbEST (Boguski et al. 1993) were searched using Megablast (Camacho et al. 2009 ), and it was required that the identity was 97 % or higher and that the EST sequence overlapped with at least 90 % of the pre-miRNA sequence. The selected ESTs were subsequently mapped to the M. domestica genome using Splign (Kapustin et al. 2008 ) with default settings, and finally, splice site data was inferred from the obtained alignments using custom Python scripts.
Stem-loop qPCR
Selected mature miRNA molecules were detected using stemloop RT-PCR method according to the published protocol (Chen et al. 2005; Varkonyi-Gasic et al. 2007 ). The amplification product was obtained in standard PCR reaction as well as in real-time PCR reaction. Primers used for each miRNA are provided in online resources (Table OR1) . U6 gene was used as an internal control for ΔCt calculation. In detail, the procedure was discussed in the next two sections that follow.
Pulsed reverse transcription
Total RNA extracted from 12 apple trees was treated with DNAse I (Thermo Scientific) according to the manufacturer's instructions; 125 ng of DNase-treated RNA was applied during miRNA and U6-specific cDNA synthesis using Superscript III RT kit (Invitrogen) in 20 μL reactions. Pulsed reverse transcription reaction was performed as follows: 1 cycle of 16°C for 30 min; 60 cycles of 30°C for 30 s, 42°C for 30 s, and 50°C for 1 s; and 1 cycle of 70°C for 15 min.
Real-time PCR
Real-time PCR (Kubista et al. 2006 ) was performed in Applied Biosystems 7900HT System with Power SYBR® Green PCR Master Mix (Applied Biosystems) in 35 cycles and with T m = 53°C. After RT reaction, the cDNA template was diluted ten times. The reactions were performed in 10 μL tubes on 384-well plates. The results were interpreted using SDS Software 2.3. Specificity of amplification was evaluated with the melt curve analysis; no primer dimers were detected and only specific products were obtained. A series of dilutions of cDNA was analyzed to determine the amplification efficiencies. The relative amount of each miRNA against U6 RNA was calculated using the equation 2 −ΔCt ×10 6 , where Ct=(Ct miRNA −Ct U6RNA ).
RT-PCR of novel miRNA precursors
Total RNA samples were DNase treated (Thermo Scientific) and RT reaction was performed; 125 ng of RNAwas used along with 250 ng of random primers (Promega) and reverse transcription kit (Invitrogen or Lucigen) in 20 μL reaction volume according to the manufacturer's protocol. The PCR reaction was performed using primers designed to span the pre-miRNA molecule in 20 μL reaction volume consisting of 0.1 μL (10 μM) of forward and reverse primers, 2 μL of 10× reaction buffer, 1.6 μL of dNTP (4×2.5 mM), and 0.25 U of Taq DNA Polymerase per reaction (Thermo Scientific). Primers used for RT-PCR are provided in online resources (Table OR2) .
Results
Identification of apple miRNAs
To identify miRNAs that might play a role in rootstockregulated apple resistance to fire blight, sRNA libraries were generated from the shoots of 'Gala' apple grafted on four different rootstocks: two fire blight resistant: G.30 and M.111 and two susceptible: M.27 and B.9. Three biological samples were collected from each scionrootstock combination, and 12 separate libraries were sequenced. All reads were filtered based on the quality value (see "Materials and methods") and a total of 105,646,008 high quality reads were obtained. They represent 63,365,291 unique sRNA sequences. A summary of reads for each library is presented in Table 1 . The lengths of small RNA reads ranged from 17 to 29 nt. The majority of sRNAs were, in all libraries, in the range of 21 to 24 nt; however, the 24 nt sRNAs were by far the most abundant species. They constituted around 60 % of all redundant and nonredundant reads in each library (Online Resource- Fig. OR3 ). The next most represented classes were 23 nt sRNA and 21 nt sRNAs. The 23-and 24-mers most frequently possess 5′-adenosine at the first position, a feature often observed in endogenous siRNAs (Axtell 2013) , representing in plants the most abundant class of small RNAs (Online Resource- Fig. OR4 ). sRNA sequences were mapped to the apple genome, and those, which mapped without any mismatches, were subjected to further rigorous analyses for miRNA identification (see "Materials and methods"). As a result, we obtained 252 miRNA candidates, 114 of which are conserved across plant species. Based on similarity to miRNA precursors from apple, we divided them into two categories: known (136 miRNAs) and novel (116 miRNAs). Names, mature sequences, genomic coordinates, structures, and expression of the complete set of miRNAs identified in the study are stored in the locally developed database (http://lemur.amu.edu.pl/share/apple_ miRNAs).
Using RT-PCR, we confirmed the expression of five novel miRNAs: mdm-MIR227N, mdm-MIR260N, mdm-MIR285N, mdm-MIR200N, and mdm-MIR132N (Fig. 1) . Experimentally confirmed novel miRNAs were selected from 13 most abundant ones. In addition, for four novel and 15 known miRNAs, we found ESTs that provide evidence for the existence of their precursors (Online Resource- Table OR5 ). Further analysis of EST sequences led us to identify splice sites in four miRNA genes: mdm-MIR85N, mdm-MIR160c, mdm-MIR403b, and mdm-MIR167j (Fig. 2 ). There were between one and three introns per gene: one intron in mdm-MIR85N and mdm-MIR160c genes and three introns in mdmMIR403b and mdm-MIR167j. However, in reality these values might be higher as our method does not guarantee full gene structure discovery.We found that mdm-MIR167j is subject to alternative 3′ splice site selection. The pre-miRNA sequences of intron containing MIR genes are not disrupted by intronic sequences. The gene structures can be viewed at http://lemur. amu.edu.pl/share/apple_miRNAs.
Analysis of miRNA expression
Results obtained from the high-throughput sequencing were next used in the analysis of miRNA expression in different rootstocks. To normalize the data for each miRNA, the number of copies per million filtered reads was calculated. First, we compared sets of miRNAs expressed in each rootstock. No rootstock-specific miRNAs were identified; however, mdmmiR535b was absent in all three G.30 biological replicates and two libraries from M.111 rootstock. Both of these rootstocks are fire blight resistant.
Based on the average RPMs for each rootstock, we identified the most abundant miRNAs. The top 10 miRNAs for respective rootstocks did not differ significantly and nearly all of them belong to miRNAs conserved across plant species. This is not surprising since conserved miRNAs tend to be expressed at higher levels than lineage-specific ones (Montes et al. 2014; Axtell 2013; Fahlgren et al. 2010) . The only exception is novel apple-specific mdm-miR227N, which is one of the most abundant miRNAs in rootstock G.30. However, the expression level of this miRNA did not differ significantly between rootstocks. Considering the average expression level in all 12 libraries, the most abundant mature miRNAs were as follows: mdm-miR482a, mdmmiR399a,b,c, mdm-miR172e,h, mdm-miR1511, mdmmiR167b-g, mdm-miR482c, three miRNAs from the miR159 family (mdm-miR34N, mdm-miR35N, mdmmiR36N), mdm-miR24N, mdm-miR395a-d,g-i, and mdmmiR396c-e (Table 2) .
To assess the biological variance among three replicates of each rootstock/scion combination as well as differential expression of apple miRNAs, one-way ANOVA test was performed. Significant differences in expression were discovered in case of 15 mature miRNAs-eight novel and seven known, with p value<0.05 and RPM >6. However, the abundance of novel miRNAs was relatively low (below 30 RPM) and the differences may be biologically insignificant. Figure 3 shows the average expression levels, together with ANOVA p values, in all four scion/rootstock combinations for selected conserved and apple-specific miRNAs. A relatively small number of differentially expressed miRNAs can be explained by high variance within biological replicates as the coefficient of variation exceeded 35 % in most groups. In addition, for differentially expressed miRNAs, we performed follow-up Tukey's range test to better understand which pairs of libraries contribute most to the observed differences. In four out of nine miRNAs, there is at least one pair of libraries with adjusted p value below 0.05, and they include M.27 vs G.30, M.111 vs G.30, G.30 vs B.9, and M.111 vs B.9. Out of them, M.111 and G.30 represent fire blight-resistant trees, while the three remaining pairs contain both fire blight-resistant and fire blightsusceptible trees (Online Resources- Table OR6 , Fig. OR7 ).
Nine miRNAs, mdm-miR169a, mdm-miR125N to mdmmiR129N (all from the MIR169 family), mdm-miR160e, mdm-miR160d, and mdm-miR1511 had significantly higher expression level in scions growing on G.30 rootstock. The expression of mdm-miR403a,b was more abundant in M.27 and B.9 scion/rootstock combinations, and the level of mdmmiR403a,b was significantly higher in M.27 and B.9, both fire blight susceptible. mdm-miR7121a-c was overexpressed in G.30 and B.9, and the abundance of mdm-miR7121f-h was significantly lower in M.111.
Target prediction
To assign possible functions to the analyzed miRNAs, we performed target prediction using psRNATarget (Dai and Zhao 2011) (Folkes et al. 2012 ) and found 72 targets for 27 apple miRNAs. The detailed targets data are available at our database (http://lemur.amu.edu.pl/share/apple_miRNAs). Target interpretation was mainly focused on their putative roles in fire blight resistance in apple and is described in the next section.
Putative miRNA-gene associations in fire blight resistance
Deep sequencing data showed that mdm-miR169a and novel miRNAs from the same family, mdm-miR125N-mdmmiR129N, are preferentially expressed in FB-resistant trees. We confirmed this differential expression by qPCR experiment. It was found that in other plants, including A. thaliana, this miRNA targets NF-Y, a heterotrimeric transcription factor composed of subunits A, B, and C ( Leyva-Gonzalez et al. 2012) . Consistent with these reports, we found three putative targets, all highly similar to Fragaria vesca nuclear transcription factor Y subunit A (NF-YA) transcript. It has been suggested that miR169-dependent NF-YA regulation can be involved in response to stresses in A. thaliana and maize (Leyva-Gonzalez et al. 2012; Nelson et al. 2007; Pant et al. 2009 ). Its implications in fungal response in wheat (Inal et al. 2014) , as well as in drought tolerance and stem sugar content, were also described (Calvino and Messing 2013) . Additionally, miR169 is involved in nodule development and nutritional balance in legume plants (Simon et al. 2009 ). Another miRNA showing significantly increased expression in resistant trees is mdm-miR160e. However, identified targets cannot be easily associated with fire blight resistance. Nevertheless, results from other works (Chen et al. 2007; Xin et al. 2010; Zhang et al. 2011) indicate that miR160 targets auxin response factors (ARFs), transcription factors, which are usually upregulated during bacterial infection in plants . Moreover, miR160 was reported to positively regulate PAMP callose deposition in response to bacterial infection in A. thaliana . In addition to the abovementioned miRNAs, we also examined targets of mdm-miR167b-g and mdm-miR168a,b, which showed higher expression in fire blight-susceptible trees. Although ANOVA test did not show significant differences in expression, we included these miRNAs since both of them were previously reported to be stress responsive in plants (Liu et al. 2008; Navarro et al. 2006; Sunkar 2010) . Overexpression of mdm-miR167b-g in trees growing on fire blight-susceptible rootstocks (M.27 and B.9) was confirmed with qPCR (Fig. 4) . For mdm-miR168a,b, we found one target similar to A. thaliana and F. vesca Argonaute protein. Argonaute is a core component of the RISC complex (Caudy et al. 2002; Hammond et al. 2001 ). The same target was found for miR168 in other plants (Jones-Rhoades and Bartel 2004; Vazquez et al. 2004) . miR167 is known to target auxin response factors and participates in bacterial response in plants (Navarro et al. 2006; Sunkar 2010; Varkonyi-Gasic et al. 2010; Zhang et al. 2011 ). However, we did not find any miR167 targets that correlated with bacterial resistance in apple.
Some of the abovementioned miRNAs, mdm-miR169a, mdm-miR160e, mdm-miR167b-g, and mdm-miR168a,b, are associated with response to stresses across plant species and are differentially expressed between fire blight-susceptible and fire blight-resistant trees. They represent putative regulators of FB resistance and might be considered as possible markers of FB resistance, but further research is needed.
In our earlier studies, we identified 690 genes up-or downregulated in FB-resistant trees (Jensen et al. 2012) . This set of genes was obtained for the same scion/rootstock combinations as in this study. Therefore, to further investigate miRNA-gene associations in FB resistance, we performed reverse target search with psRNATarget, i.e., we looked for miRNAs that potentially target identified differentially expressed genes. We identified three target candidates that are overexpressed in FB-resistant trees: (i) NHX1 (Na+/H+ antiporter), (ii) plant nodulin, and (iii) dinelactone hydrolase. NHX1 might be targeted by four novel miRNAs: mdmmiR142N, mdm-miR143N, mdm-miR144N, and mdmmiR145N. This gene is involved in preventing leakage of electrolytes and nutrients through the plant cell membrane, which appears during the bacterial pathogen infection in plants. The electrolyte leakage from pear treated with E. amylovora was reported previously (Brisset et al. 1990 ). Apple nodulin is potentially targeted by apple-specific mdmmiR535b,c,d. Nodulins are expressed in response to bacterial infection and are involved in nodule formation in legumes. Nodulin-related proteins were also reported to play a role in pathogen and heat stress tolerance in A. thaliana (Fu et al. 2010 ) as well as they may be markers of Rhisobium infection in Vicia faba (Becker et al. 2001) . The third gene, a transcript highly similar to dinelactone hydrolase protein family, was predicted to be targeted by conserved miR159c. Upregulation of this protein was observed in Glycine max after fungal inoculation (Tremblay et al. 2010) as well as in Japanese black pine after infection with pine wood nematode. It has been suggested that dinelactone hydrolase and other differentially expressed genes may reflect differences between resistant and nonresistant pines (Nose and Shiraishi 2011) .
Gene set enrichment analysis
In order to investigate miRNA targets in the miRNAome scale, we performed gene ontology (GO) terms enrichment analysis. First, using BLAST, we found A. thaliana counterparts of apple genes putatively targeted by microRNAs. Then, using GOrilla, a tool for gene set enrichment analysis, we identified enriched GO terms. There are three enriched terms in the category of GO biological process-defense response, response to stress, and primary metabolic process-each with FDR q value<0.05 (i.e., p value corrected with the Benjamini and Hochberg method). Nucleotide-binding site leucine-rich repeat (NBS-LRR) class disease resistance proteins constitute the prevailing group of genes there. Those proteins are encoded by hundreds of diverse genes per genome and are thought to monitor the status of plant proteins that are targeted by pathogen effectors (McHale et al. 2006) . In the molecular function GO category, the six enriched GO terms are dominated by ABC transporters. ABC transporters are driven by ATP hydrolysis and can act as metabolite exporters or importers. Originally identified as transporters involved in detoxification processes, they have also been shown to participate in plant development, organ growth, plant nutrition, response to abiotic stresses, or pathogen resistance. The latter could be supported with the observation that expression levels of more than half of ABC transporters are elevated upon treatment with microorganisms (Kang et al. 2011) . In the third GO category, cellular component, there are two terms that meet our q value threshold: proteasome complex and proteasome regulatory particle, base subcomplex.
Occurrence of those two terms could be explained by the fact that proteasome-dependent protein degradation is involved in almost all aspects of plant growth and responses to environmental stresses including pathogen resistance. This observation as well as results from the two remaining GO categories (biological process and molecular function) is in compliance with the well-established notion that plant microRNAs are important players in response to abiotic and biotic stresses, including pathogen invasion. The latter is quite strongly supported by the occurrence of genes implicated in plant immune response to biotic stresses, including pathogens (ABC transporters, NBS-LRR proteins, and proteasome complex). We also performed KEGG gene set enrichment analysis using plantGSEA (Yi et al. 2013) , but the tool returned no results for our data and applied settings.
Apple miRNA database
The findings described in this work are collected in our apple miRNA database. miRNAs section grants access to all mature miRNA records stored in the database, along with their annotation and expression levels in 12 rootstock-scion combinations. Evidence provides deep sequencing support for miRNAs in the form of alignment of short reads to the precursor. The psRNAtarget and PAREsnip sections provide miRNA targets predicted with psRNAtarget and PAREsnip accordingly. In Introns, miRNA splice sites information is available. GOrilla provides results of GO terms enrichment analysis. Finally, the data can be downloaded in the Downloads section. The database is freely available at http:// lemur.amu.edu.pl/share/apple_miRNAs.
Discussion
In this study, we applied small RNA deep sequencing technology to discover apple miRNAs. We found 116 new and confirmed the expression of 143 already known miRNAs. Out of the 13 most abundant novel miRNA precursors, we confirmed five with RT-PCR. We identified one miRNA, mdmmiR535b, which was absent in all three G.30 biological replicates and two replicates from M.111 rootstock (both fire blight-resistant). It was observed that this miRNA is differentially expressed in the leaves and roots (Xia et al. 2012 ) and does not seem to be related to the bacterial pathogen resistance in apple or other plants. It is rather involved in other processes like fruit ripening in grapes . Using small RNA deep sequencing data, we assessed the expression profiles of newly identified and known miRNAs. The most abundant miRNAs corresponded to those, which are highly conserved. The expression level of novel miRNAs was relatively low, which is often seen in species-specific miRNAs (Axtell 2013; Fahlgren et al. 2010 ). The only exception was mdm-miR227N, which belongs to the ten most abundant miRNAs in rootstock G.30.
Using stem-loop qPCR, we checked the expression of four mature miRNAs, but the results were not always consistent with NGS-based estimations. This can be explained by biases potentially introduced at different steps of sequencing process, e.g., adapter ligation, reverse transcription, or PCR amplification. It is also noteworthy that gene expression is a stochastic process; hence, one can always expect biological variability among measurements (Hansen et al. 2011; McCormick et al. 2011; Zhang et al. 2010) . Applying multiple biological replicates may mitigate biological variability. In this study, we used three biological replicates for each scion/rootstock combinations although, due to quite high cost of the sequencing procedure, only one biological replicate was used in most of the published experiments (McCormick et al. 2011) . High variance between these replicates was most likely responsible for the fact that only a few differentially expressed miRNAs were identified in the ANOVA analysis. Nevertheless, rootstock-dependent fold change in miR expression levels, together with qPCR confirmations, allow us to define four apple miRNAs potentially involved in fire blight resistance in apple trees: mdm-miR169a, mdm-miR160e, mdm-miR167b-g, and mdm-miR168a,b.
In silico target analysis showed that mdm-miR169a is targeting three apple transcripts, all highly similar to NF-YA, which is known to be involved in response to stresses in other plants ( Leyva-Gonzalez et al. 2012; Nelson et al. 2007; Pant et al. 2009 ). For the remaining three miRNAs, we did not identify targets, which could be easily associated with fire blight; however, all of them are known to be involved in response to stresses across plant species, usually by targeting stress response proteins Liu et al. 2008; Navarro et al. 2006; Sunkar 2010) , and therefore, they might be considered as putative regulators of FB resistance and possible markers of FB resistance.
In addition to the abovementioned miRNAs, we also examined miRNAs targeting transcripts previously identified by us as up-or downregulated in FB-resistant trees (Jensen et al. 2012) . We identified three candidates, which might be targeted by miRNAs expressed in analyzed trees: NHX1, nodulin, and dinelactone hydrolase. NHX1, involved in preventing leakage of electrolytes and nutrients through the plant cell membrane, which appears during the bacterial pathogen infection in plants (Brisset et al. 1990) , is putatively targeted by four novel miRNAs: mdm-miR142N, mdmmiR143N, mdm-miR144N, and mdm-miR145N. Nodulin, which is known to be expressed in response to bacterial infection (Fu et al. 2010; Becker et al. 2001) , is potentially targeted by apple-specific mdm-miR535b,c,d. The third gene, a transcript highly similar to dinelactone hydrolase protein family, was predicted to be targeted by conserved miR159c. Upregulation of this protein was observed in other plants after fungal or other infections (Tremblay et al. 2010 ).
In summary, our studies revealed four miRNAs differentially expressed in fire blight-resistant and fire blightsusceptible trees. In addition, we identified several miRNAs targeting transcripts overexpressed in fire blight-resistant trees. The relatively low number of singled out candidates may result, besides the high variance of biological replicates, from the fact that stress response miRNAs are usually induced by the stress factors and frequently expressed at a low level, or not expressed at all, in normal conditions (i.e., without particular stress) (Kawashima et al. 2009; Zhao et al. 2009 ). Therefore, further studies, based on healthy and inoculated plants, are currently conducted to confirm identified miRNA candidates and pinpoint additional ones.
